We investigate the linear-response conductance through a pair of coupled quantum dots. The conductance spectrum under ideal conditions is shown to consist of two sets of twin peaks whose locations and amplitudes are determined by the interdot coupling and the intradot charging. We will show that the qualitative features of the spectrum survive against experimental nonidealities such as (1) detuning of the individual dots, (2) interdot charging, (3) inelastic scattering, and (4) multiple lateral states. The effect of higher lateral states depends strongly on the nature of the interaction potential, screening lengths, and exchange terms, but the lowest set of twin peaks is largely unaffected by these details.
I. INTRODUCTION
Single quantum dots have been widely studied and a clear understanding of the transport through these artificial atoms has emerged. Coupled quantum dots could be considered as artificial molecules A system of two coupled quantum dots with one doubly spin-degenerate single-particle state in each dot (2x2 single-particle states) will exhibit four conductance peaks.
These peaks coincide with the Huctuation of the equilibrium number of electrons in the quantum dot as transitions 0 -+1, 1+2, 2~3, and 3-+4 occur. These transitions of electron numbers in the quantum dot are expected to occur at characteristic Fermi energies that are determined by the transition energies of the manybody states in the quantum dot. The coupling strength t between the quantum dots and the charging interaction energy U in a single quantum dot determine the separation between the four conductance peaks. Here we show that the expected double set of twin peaks in the conductance determined by the characteristic energies t and U survives against experimental nonidealities such as (1) detuning of the bare energy levels of the quantum dots due to variations in confinement, (2) interdot interactions, (3) multiple lateral states with off-diagonal interactions, and (4) 
where I'";indicate transitions &om the ith n-particle state to the jth (n 1)-particle state -via transitions through the left barrier. P"'iindicates the equilibrium occupation of the initial state (n, i) with eigenenergy E"; Fig. 3 ). Not only do the amplitudes of the four peaks change, but also their locations, indicative of changes in the excitation spectrum of the coupled quantum dots. The amplitudes of peaks 1 and 4 (dashed lines) are equal as well as the amplitudes of peaks 2 and 3 (solid line). As the single-particle eigenenergy of the decoupled dots is raised in the second quantum dot, the first electron tends to localize in the first dot of the coupled system and the localization increases with detuning. The eigenenergy of the composite single-particle ground state changes [ Fig. 4(a) ] from Ei --e t=-29 meV (b. = 0) to Ei --a=30 meV (6 = oo). As a result of the decreasing probability of finding the electron in the right well, the amplitude of the first conductance peak [ Fig The basis states~1 , 0, 0, 1) and~0 , 1, 1,0} are well coupled to~v isit) and~J ig) by transitions through the right barrier. The two-particle ground state is therefore well coupled to the one-particle ground state via transitions through the left and the right barrier and the second conductance peak is large. Figure 3( [Fig. 4(b) ].
The third and fourth conductance peaks can be most easily understood by the formal electron-hole symmetry in our notation. Every "electron" Slater determinant (e.g.,~1, 0, 0, 0)) has a complementary "hole" Slater determinant (e.g.,~0, 1, 1, 1)). The same arguments that we have given for the first two conductance peaks in terms of electron localization can be extended to arguments following hole localization. We can explain the 6rst conductance peak with the transition of the first electron into the system from the~0, 0, 0, 0) state; similarly, we can explain the fourth conductance peak with the transition of the first hole into the system from the~1 , 1, 1, 1) state.
Conductance peaks 1 and 4 have therefore the same amplitude as functions of b, (see Fig. 4 ). Indeed, we find the amplitudes of peaks 2 and 3 to be the same functions of A.
It is interesting to note that the conductance peaks coincide with fluctuations in the total number of particles in the quantum dot. Given the discrete energy spectrum of this system, the total number of particles always increases by 1 (see Fig. 2 ) with the same slope at every step (assuming small temperatures) independent of the detuning of the quantum dots ( &~~is the same for Bp, all transitions. ). The conductance amplitude, however, is dependent on the spatial structure of the composite many-body eigenstates and depends on the detuning. conductance peak 1 (4) decreases rapidly with 6 due to localization of the first electron (last hole) and peak 2 (3) decreases after localization of two electrons (holes). Although the relative amplitude and the spectrum of the conductance peaks change with detuning we still expect the double set of twin peaks to be observable. It is important to design the experimental structure such that the coupling between the two quantum dots is strong enough to compensate for detunings, which are inevitable due to inhomogeneities in the confinement.
C. Interdot charging
Another physical process that may distort the double set of twin peaks in the conductance spectrum is interdot charging. With significant charge interaction it seems reasonable that a strongly localized wave function in one quantum dot causes a non-negligible potential in the neighboring quantum dot. Figure 5 shows the conductance peak spectrum (a) and amplitude (b) calculated as a function of interdot charging for the ideal structure discussed above. We have scanned the value of interdot charging from 0 meV up to the value of intradot charging of U=5 meV. Neither the locus nor the amplitude of the first conductance peak change, since the addition and extraction of the first electron into and out of the system does not involve any interdot charging energy. Notice that the double set of twin peaks is preserved even when interdot charging is included in the model. However, note that the separation of the conductance peaks does contain some information about the interdot charging energy. The energy difference between the first two and the last two peaks cannot be identified with the interdot coupling t. Similarly, the separation between the two sets of peaks cannot be identified with the intradot charging energy U. U~npq = dr1dr2 V r1 -r2~r "1 xk. *(r2) 4. (r2) 4.(ri) (4) which appear in the Hamiltonian.
By symmetry in the given limited set of basis states one can show that all other interaction energies but U "", U "", and U ""are zero. In particular we are left with the direct integrals V11 --U1111, V22 --U2222, V12d = U122] = U2112 -U1331 = U2112, and V23d = U2332 U3223 ) and the exchange integrals V12, --U1212 --U2121 dicating the conditional probability of state (n, i) being occupied, given n electrons in the system. The two conductance formulas in Eqs. (2) and (5) give the sameio result under two independent conditions if (1) I'"; /I'";. = const, V(nij), or (2) kgyT « E", ""t, 4 -E"s,""4. For the nonidealities we have considered in this paper condition (1) is only violated in the case of detuning. Detuning introduces an asyminetry into the eigenstates of the system such that the ratio of left lead to right lead coupling becomes state dependent. We find that the amplitudes of the conductance peaks do change due to inclusion of inelastic scattering; however, the general shape of the conductance peaks does not change in the case of k~T = t. The features due to interdot coupling t will be thermally broadened and cannot be resolved in this limit. Since we are interested in resolving features of energy scale t, we require temperatures with k~T && t and Eqs. (2) and (5) will give the same results [condition (2) from above).
We have presented calculations of conductance spectra for two strongly coupled quantum dots that are weakly coupled to the adjoining leads. The conductance spectrum due to the first four electrons consists of a double set of twin peaks. The location of the conductance peaks coincides with transitions in the total number of electrons in the quantum dot. However, the peak amplitude is strongly dependent on the spatial properties of the many-body states in the quantum dots and varies &om one peak to another although & is the same for every a (N) transition. We analyze the effect of experimental nonidealities such as quantum dot detuning, interdot charging, multiple lateral states with off-diagonal interactions, and inelastic scattering on the conductance spectrum. We find that the spectrum is altered due to the first three efFects, but the qualitative features persist. We suggest that in an experiment the interdot coupling be made sufficiently strong such that detuning due to variations in confinement does not decrease the amplitudes of the conductance peaks significantly. We find that interdot charging as well as inelastic scattering have little effect on the spectrum. We show that for quantum dot dimensionsss
